OBJECTIVE -Type 2 diabetes in obese youth is an emerging problem. The metabolic and anthropometric predictors of change in glucose tolerance status in obese youth are unknown.
O
ver the last decade, type 2 diabetes has emerged as an increasingly common pediatric disease (1, 2) . In many parts of the world and among certain ethnic groups, the prevalence of type 2 diabetes in adolescents is now equal to or greater than that of type 1 diabetes (3) . The global emergence of type 2 diabetes in youth parallels the increasing epidemic of childhood and adolescent obesity. The progression from normal glucose tolerance to type 2 diabetes in adults occurs through an intermediate phase of altered glucose metabolism known as impaired glucose tolerance (IGT), or pre-diabetes. Previous studies from our group and others reported a high prevalence of IGT among children and adolescents with marked obesity (4, 5) . Cross-sectional studies demonstrated that IGT in obese youth is associated with severe insulin resistance, ␤-cell dysfunction, and altered abdominal and muscle fat partitioning (6) . Because of their cross-sectional nature, these studies did not examine potential metabolic predictors of changes in glucose tolerance in these obese youth.
Transition from IGT to diabetes in adults is usually a gradual phenomenon that occurs over 5-10 years (7, 8) depending on the population studied. The early presentation of type 2 diabetes in youth raises the possibility of an accelerated process in these youth compared with adults, thus shortening the transition time between IGT and diabetes. In contrast to the vast literature about metabolic predictors of deterioration of glucose tolerance in adults, little is known about this process in children and adolescents. Therefore, the aim of this study was to follow obese children and adolescents at risk for diabetes longitudinally and identify baseline metabolic and anthropometric parameters associated with later deterioration of glucose metabolism. As several prospective studies are currently being designed using modified oral glucose tolerance test (OGTT) studies in large populations (using only fasting and 2-h sampling), we further tested whether data derived from these two samples can be used to predict changes in glucose tolerance. In this report, we describe our preliminary observations on the longitudinal follow-up of a multiethnic cohort of 117 obese children and adolescents who had OGTTs every 18 -24 months.
RESEARCH DESIGN AND METHODS -Participants in this cohort were recruited from the Yale Pediatric Obesity Clinic as part of a longitudinal study of the pathophysiology of type 2 diabetes in youth. All participants were between the ages of 4 and 18 years. Subjects with medical conditions or using medications that may affect glucose metabolism before their first OGTT were excluded from the study. All subjects had normal thyroid function. All subjects had a BMI that was higher than the 95th percentile for age and sex and were thus classified as obese. To standardize the BMI levels, conversion to BMI z scores was performed based on the Centers for Disease Control and Prevention growth charts (9) . Participants were followed biannually as outpatients by the clinical
staff and received nutritional guidance as well as recommendations for physical activity. The OGTT was repeated every 18 -24 months for assessment of dynamics of glucose tolerance status. The protocol for longitudinal assessment of glucose metabolism was approved by the institutional review board of the Yale University School of Medicine. Written informed consent was obtained from the parents and assent from the children and adolescents.
Ninety subjects were initially classified as having normal glucose tolerance (NGT) and 39 as having IGT. Three of the 39 IGT subjects developed overt type 2 diabetes before performance of the follow-up OGTT. Data from these three subjects were used for analysis of baseline parameters only. Twelve subjects, 6 with NGT and 6 with IGT, began treatment with metformin after the first OGTT. All were females with severe acanthosis nigricans, irregular menses, and signs of hyperandrogenism (mainly significant hirsutism). All six treated subjects with NGT remained NGT on follow-up. Two cross-reactivity with C-peptide and proinsulin. Plasma C-peptide levels were determined with an assay from Diagnostic Product (Los Angeles, CA). The intra-assay variation was 4.5% for insulin and 5.9% for C-peptide, and the interassay variation was 10% for insulin and 11% for C-peptide.
Definitions
NGT was defined as fasting plasma glucose Ͻ100 mg/dl and a 2-h plasma glucose level Ͻ140 mg/dl (11) . IGT was defined as a fasting plasma glucose level Ͻ100 mg/dl and a 2-h plasma glucose level of 140 -200 mg/dl. Type 2 diabetes was defined as a fasting glucose level Ն126 mg/dl, a 2-h plasma glucose level Ͼ200 mg/dl, or presentation with hyperglycemia (more than two random glucose measurements Ͼ200 mg/dl), glucosuria, polydypsia, and polyuria.
Calculations
To assess ␤-cell function, we used the insulinogenic index, calculated as the ratio of the increment in the plasma insulin level to that in the plasma glucose level during the first 30 min after the ingestion of glucose. We found that in children and adolescents, the insulinogenic index correlates well with the early insulin response obtained during a hyperglycemic clamp study (r ϭ 0.68, P Ͻ 0.001) (S.C., unpublished observations). A low insulinogenic index predicts the development of diabetes in adults (12) . Insulin resistance was determined by two methods: the homeostasis model assessment of insulin resistance (HOMA-IR) (13) , and the whole-body insulin sensitivity index (WBISI). HOMA-IR was calculated as the product of the fasting plasma insulin level (in microunits per milliliter) and the fasting plasma glucose level (in millimoles per liter) divided by 22.5. Lower HOMA-IR values indicate higher insulin sensitivity, whereas higher values indicate lower insulin sensitivity. The estimate obtained with HOMA-IR (the insulin resistance index) correlates well (r ϭ Ϫ0.91, P Ͻ 0.001) with measures of insulin resistance obtained from obese and nonobese children and adolescents with the use of the euglycemichyperinsulinemic clamp technique (14) , and a similar correlation has been reported in adults (15) . The WBISI, originally described by Matsuda et al. (16) , is derived from glucose and insulin levels from the full length of the OGTT. The index is calculated using the following formula:
We found this index to correlate strongly with M values derived from the hyperinsulinemic-euglycemic clamp in obese children (17) . The disposition index (18) was calculated as the product of the WBISI and the insulinogenic index (IGI).
We have recently demonstrated that the hyperbolic relation of the acute insulin response (derived from the insulinogenic index) and peripheral insulin sensitivity (using WBISI) is present in obese children and has typical deterioration as a function of altered glucose metabolism (from NGT to IGT), similar to findings demonstrated in adults. The disposition index represents the insulin response in the context of the resistant milieu. We chose to use these indexes as outcome variables in this cohort, although no data are present regarding the predictive value of the IGI or the disposition index in childhood.
Statistical analysis
Data are presented as means Ϯ SD or as means (95% CI). For parameters not normally distributed, a log transformation was used for analysis; however, for the sake of interpretation, the non-logtransformed values are presented. Comparisons of those who developed diabetes with all other subjects were performed using Student's t tests. Comparisons of IGT subjects who developed diabetes and who reverted to NGT were performed using the Mann-Whitney U test. Linear regression was used to identify predictors of the 2-h glucose on the second OGTT. All analyses were performed using SPSS version 12 for Windows (SPSS, Chicago, IL).
RESULTS

Baseline anthropometric and biochemical parameters
The initial cohort consisted of 84 subjects with NGT and 33 with IGT. Age at the initial OGTT, as well as height, weight, BMI, and BMI z score, were not different between the groups. As shown in Table 1 , fasting glucose was slightly, yet not significantly, higher in subjects with IGT. Fasting insulin, 2-h insulin, HOMA-IR, and fasting C-peptides were significantly increased in subjects with IGT. The significance of these differences became greater after adjustment for age, ethnicity, sex, and BMI z score. Insulin sensitivity (expressed as WBISI) was significantly greater in subjects with NGT, as was their disposition index. ͱ(fasting glucose ϫ fasting insulin) (mean OGTT glucose ϫ mean OGTT insulin)
Changes in glucose tolerance in obese youth
Changes in glucose tolerance status The mean interval between the two OGTTs was 20.4 Ϯ 10.3 months. As shown in Fig.  1 , 76 subjects with NGT remained so on follow-up, while 8 subjects (9.5%) deteriorated to IGT. Of the 33 subjects who were IGT at baseline, 8 developed diabetes (24.2%), 10 (30%) remained IGT, and 15 (45%) reverted to NGT.
Comparison of subjects who developed type 2 diabetes and other participants All eight subjects who developed type 2 diabetes were IGT at baseline. These eight subjects (Table 2) were similar to the rest of the participants in their sex distribution, yet the majority (seven of eight) were African-American females (P ϭ 0.006). Age and weight were comparable between the groups, whereas those who eventually developed diabetes had a significantly higher BMI and BMI z score and thus were relatively more obese. The 2-h glucose level was, as expected, higher in those who developed diabetes, since all were IGT on their initial study. Subjects who developed diabetes had a significantly elevated fasting C-peptide level compared with other participants. Both indexes of insulin sensitivity (the HOMA-IR and WBISI) were not significantly different. The IGI of the acute insulin response tended to be lower in those who developed diabetes, but these differences were not statistically significant after adjustment for age, sex, ethnicity, and BMI z score. Nevertheless, these alterations in insulin sensitivity and secretion produced a significant reduction in the disposition index of obese subjects who developed type 2 diabetes. This striking difference in the disposition index remained significant after adjustment for age, sex, ethnicity, and BMI z score.
When evaluating only subjects with IGT, the BMI z score was still significantly greater in those who developed diabetes compared with their counterparts (2.76 Ϯ 0.21 vs. 2.32 Ϯ 0.40, P ϭ 0.001), as was the change in BMI z score between the studies (0.024 Ϯ 0.03 vs. Ϫ0.06 Ϯ 0.17, P ϭ 0.04), but the disposition index was comparable between the groups.
Comparison of subjects with IGT who developed type 2 diabetes and subjects with IGT who reverted to NGT Subjects with IGT on the first OGTT demonstrated two distinct patterns of glucose tolerance dynamics, i.e., those who developed diabetes and those who reverted to normal glucose tolerance. As shown in Table 3 , the groups were of similar age and sex distribution, yet those who developed diabetes were significantly more obese, as reflected by their BMI and BMI z score. Baseline fasting and 2-h levels of glucose, insulin, and C-peptide were similar between the groups, as was HOMA-IR. Subjects who eventually developed diabetes gained a significant amount of weight and increased their BMI, whereas those who reverted to NGT on average maintained their weight and BMI.
Predictors of the 2-h glucose level on the second OGTT In the first model, we incorporated anthropometrics and parameters derived from fasting and 2-h blood sampling during the first OGTT to predict the 2-h glucose level on the second OGTT (Tables 4  and 5 ). The common parameters incorporated into the linear regression model were age, sex, ethnicity, time between studies, and baseline 2-h glucose. Fasting glucose, fasting and 2-h insulin, and fasting and 2-h C-peptide were first incorporated separately and then all together in the full model. As shown in Table 4 , the 2-h glucose on the first OGTT and baseline BMI z score were significantly associated with 2-h glucose on study 2, whereas all other OGTT-derived parameters were not. African-American ethnicity was also associated with increasing 2-h glucose on the second OGTT. In the second model, we used parameters of insulin sensitivity and secretion derived from a traditional OGTT (sampling every 30 min) and their changes over time, as well as the change in BMI z score, to predict the 2-h glucose level on the second OGTT. The common parameters incorporated into the linear regression model were identical to the previous model. The pairs of baseline BMI z score and change in BMI z score (model 1), baseline IGI and change in IGI (model 2), and baseline WBISI and change in WBISI (model 3) were first incorporated separately and then all together later in the full model. In the full model, the best predictors of the 2-h glucose level on the second OGTT were the baseline 2-h glucose level and BMI z score and the change in insulin sensitivity (WBISI) between the studies. Indeed, every 1 unit of the BMI z score had an impact of ϳ11 mg/dl glucose and every 1 unit of insulin sensitivity (WBISI) had a negative impact of ϳ7 mg/dl glucose. African-American ethnicity again emerged as being associated with increasing 2-h glucose on the second OGTT.
Relation of changes in weight and insulin sensitivity
As changes in insulin sensitivity emerged as having a major impact on the dynamics of glucose tolerance (2-h glucose level on the second OGTT), we tested the effect of weight changes on insulin sensitivity and glucose tolerance. Changes in weight negatively correlated with changes in the 2-h glucose level on the second OGTT (r ϭ Ϫ0.22, P ϭ 0.02) and changes in insulin sensitivity (r ϭ Ϫ0.52, P Ͻ 0.001), as did a change in BMI z score (absolute obesity) (r ϭ Ϫ0.49, P Ͻ 0.001 for change in sensitivity). The ␤ coefficient for sex compares male with female subjects.
When adjusting for the baseline BMI z score and the 2-h glucose level on the first OGTT, the relation of weight and BMI z score changes with changes in sensitivity remained significant (r ϭ Ϫ0.41, P Ͻ 0.001 and r ϭ Ϫ0.46, P Ͻ 0.001, respectively).
CONCLUSIONS -Previous crosssectional studies have demonstrated that
IGT is a common metabolic complication of childhood obesity (4, 19, 20) . As illustrated by the baseline assessments of children in this cohort, oral glucose tolerance testing is required to identify the problem, and this procedure also can be utilized to examine underlying pathophysiologic defects in insulin sensitivity and insulin secretion. In contrast, baseline clinical and anthropometric characteristics did not distinguish obese youth with IGT from those with NGT. Although IGT has become a well-recognized complication of childhood obesity, data on the natural history of this condition in children are minimal. Consequently, the purpose of the current investigation was to examine in a prospective, longitudinal study which clinical, anthropometric, and metabolic factors may serve as useful predictors of future changes in glucose metabolism in obese youth. As clinicians are faced with growing numbers of asymptomatic obese children, such predictors would fill the urgent need to identify youth at highest risk for development of diabetes and to direct interventions to those who may benefit the most.
One of the most important findings of this study is that IGT in obese children is indeed a transitional, "pre-diabetic" state, in that all children who developed type 2 diabetes on follow-up had IGT at baseline. It is also noteworthy that seven of eight children who developed diabetes were African American. Our data are limited in power to detect the impact of ethnicity on altered glucose metabolism, yet the observation that the majority of children who developed type 2 diabetes were African American is consistent with the increased prevalence of type 2 diabetes in African-American versus Caucasian children that has been reported in many other studies and may relate to genetically mediated differences in insulin sensitivity and insulin secretory patterns (21, 22) . The other important baseline clinical characteristic that predicted deterioration to type 2 diabetes was the degree of adiposity as reflected by the BMI z score. Compared with the group of obese youth as a whole and to other participants with IGT, children who progressed to type 2 diabetes had significantly higher BMI z scores at baseline, and these children continued to gain excessive weight during the follow-up period.
Except for the baseline 2-h glucose level, other metabolic factors such as fasting glucose, insulin, C-peptide, and HOMA-IR were not useful predictors of future deterioration in glucose tolerance. Even indexes of insulin sensitivity (WBISI) and early insulin responses to oral glucose (IGI) that were derived from baseline and follow-up OGTTs did not appear to be significant predictors for the development of type 2 diabetes when viewed in isolation. It should be noted, however, that obese youth who developed type 2 diabetes tended to be more insulin resistant and have lower early insulin responses to glucose loading at baseline than the group as a whole. Since the alterations in insulin sensitivity were not fully compensated by increases in insulin responses to glucose loading, the baseline disposition index, which assesses the combined deleterious effects of both of these defects, was a significant predictor of deterioration to type 2 diabetes. Moreover, insulin sensitivity was further reduced in the children who developed type 2 diabetes in association with continued weight gain. Because the disposition index is greatly influenced by genetic and intrauterine factors (23, 24) , one can speculate that these obese children pushed past their predetermined limitations in adjusting to worsening in insulin resistance.
Our study also clearly shows that glucose tolerance status in obese children is highly dynamic and can deteriorate rapidly. Over a relatively short follow-up period, ϳ10% of subjects initially classified as NGT developed IGT and 24% of subjects initially classified as IGT developed overt type 2 diabetes. These data suggest that the tempo of deterioration of ␤-cell function in children may be faster than in adults (25, 26) . It should be noted, however, that our data also indicate that obese children with IGT can revert to NGT on The ␤ coefficient for sex compares male with female subjects. Hispanic ethnicity was used as a reference.
follow-up testing. Such improvements in glucose tolerance do not appear to be artifacts of repeat testing, since these youth had lower BMI z scores at baseline and gained much less weight on follow-up than those who developed type 2 diabetes. These observations suggest that a focused and intensive intervention (similar to the one used in the Diabetes Prevention Program [27]) may be useful in managing the severely obese child with IGT. We conclude that severely obese children (BMI z score Ͼ2.5) and obese children with risk factors for type 2 diabetes (a parent with type 2 diabetes or history of gestational diabetes, presence of acanthosis nigricans, or suggestive symptomatology) should undergo an OGTT. Those with 2-h glucose Ͼ140 mg/dl, specifically of ethnic minority background, require the most intensive intervention and careful observation for prevention of development of type 2 diabetes. Cessation of weight gain and not necessarily weight loss may suffice to prevent further deterioration in glucose tolerance. As the risk in these patients seems very high and the window of opportunity is narrow, pharmacological intervention, combined with lifestyle changes, should not be ruled out. 
